Abstract We compared the osteoblastic differentiation abilities of dedifferentiated fat cells (DFATs) and human bone marrow mesenchymal stem cells (hMSCs) as a cell source for bone regeneration therapies. In addition, the utility of DFATs in bone tissue engineering in vitro was assessed by an alphatricalcium phosphate (a-TCP)/collagen sponge (CS). Human DFATs were isolated from the submandibular of a patient by ceiling culture. DFATs and hMSCs at passage 3 were cultured in control medium or osteogenic medium (OM) for 14 days. Runx2 gene expression, alkaline phosphatase (ALP) activity, as well as osteocalcin (OCN) and calcium contents were analyzed to evaluate the osteoblastic differentiation ability of both cell types. DFATs seeded in a a-TCP/CS and cultured in OM for 14 days were analyzed by scanning electron microscopy (SEM) and histologically. Compared with hMSCs, DFATs cultured in OM generally underwent superior osteoblastogenesis by higher Runx2 gene expression at all days tested, as well as higher ALP activity at day 3 and 7, OCN expression at day 14, and calcium content at day 7. In SEM analyses, DFATs seeded in a a-TCP/CS were well spread and covered the a-TCP/CS by day 7. In addition, numerous spherical deposits were found to almost completely cover the a-TCP/CS on day 14. Von Kossa staining showed that DFATs differentiated into osteoblasts in the a-TCP/CS and formed cultured bone by deposition of a mineralized extracellular matrix. The combined use of DFATs and an a-TCP/CS may be an attractive option for bone tissue engineering.
Introduction
Repair of osseous defects in alveolar clefts allows for closure of oronasal fistulas, fusion of the maxilla, tooth eruption, and support of the nasal alar base. Autogenous bone grafts are the gold standard for such reconstruction because of their osteoconductive, osteoinductive, and non-immunogenic properties (Gimbel et al. 2007) . Although autologous bone grafting is widely performed for bone reconstruction in the maxillofacial field, it is very invasive and there is a limited amount of collectable bone. Therefore, bone formation using bone marrow mesenchymal stem cells (MSCs) has attracted attention as an alternative procedure.
MSCs are fibroblast-like cells established from bone marrow, which attach to tissue culture surfaces (Colter et al. 2000) . Human MSCs (hMSCs) are multipotent and have been differentiated into several kinds of mesodermal tissues, including bone, fat, cartilage, and bone in vitro (Pittenger et al. 1999) . Induced pluripotent stem cells and embryonic stem cells have great potential in tissue engineering because they proliferate indefinitely while retaining pluripotency, and can differentiate into all cell types found in the body (Shimada et al. 2012) . However, there are many problems to be resolved regarding these pluripotent cell types, including ethical issues and tumorigenic transformation. In contrast, somatic stem cells such as MSCs and adipose stem cells have shown considerable safety in basic research. Previously, Yamada et al. (2004) used a mixture of hMSCs from bone marrow and platelet-rich plasma for craniofacial reconstruction and dental implants that are bone graft materials with predictable grafting success.
However, painful bone marrow aspiration is required to obtain these cells from patients and the procedure is technically demanding, particularly in elderly patients. In contrast to these disadvantages, somatic stem cells derived from subcutaneous fat can be obtained from patients of all ages by low-invasive procedures (Planat-Benard et al. 2004) . Mature adipocytes are the most abundant cell type in adipose tissue. Mature adipocytes isolated from fat tissue can be dedifferentiated into fibroblast-like cells, which have been named dedifferentiated fat cells (DFATs), by an in vitro dedifferentiation strategy known as ceiling culture (Matsumoto et al. 2008; Yagi et al. 2004) .
We have previously investigated bone tissue engineering using a combination of DFATs and the selfassembling peptide RADA16 or a titanium fiber mesh as scaffolds, and found that DFATs proliferate and differentiate into osteoblasts (Kishimoto et al. 2013; Kishimoto et al. 2011; Kishimoto et al. 2008 ). However, a study has not been performed to compare the osteoblastic differentiation abilities of DFATs and MSCs. Therefore, the purpose of this study was to perform such an evaluation of DFATs and MSCs. In addition, the utility of DFATs in bone tissue engineering in vitro was assessed by an alpha-tricalcium phosphate (a-TCP)/collagen sponge (CS) scaffold.
Materials and methods

Isolation and culture of DFATs
Human adipose tissue was obtained from a male patient (63 years old) who underwent submandibular surgery at the Amagasaki Chuo Hospital. The patient was healthy and had no systemic disease. This study conformed to the tenets of the declaration of Helsinki, and the protocol was approved by the ethics committee of the Osaka Dental University and the Amagasaki Chuo Hospital (approval number: 110714). We isolated DFATs using the ceiling culture method as described in our previous report (Kishimoto et al. 2013) (Fig. 1) . Cell culture medium consisting of Dulbecco's modified Eagle's medium (DMEM) supplemented with 20 % fetal bovine serum (FBS; Invitrogen, Life Technologies, Carlsbad, CA, USA) and an antibiotic/antimycotic mixed stock solution (Nacalai Tesque, Kyoto, Japan) was replaced twice a week. At confluency, the cells were passaged and used for experiments.
Osteogenic differentiation of DFATs and hMSCs hMSCs were provided by RIKEN BRC through the National Bio-Resource Project of the Ministry of Education, Science, Sports Culture and Technology, Japan (Tsutsumi et al. 2001) . To evaluate the osteogenic potential of DFATs and hMSCs at passage 3, they were replated in standard medium onto a 12-well plate at a density of 3 9 10 4 cells/well and incubated at 37°C with 5 % CO 2 . At confluency, both cell types were cultured in control medium (CM; DMEM supplemented with 10 % FBS and the antibiotic/ antimycotic mixed stock solution) or osteogenic medium (OM; CM supplemented with 10 % FBS, 100 nM dexamethasone, 50 lM L-ascorbic acid 2-phosphate, and 10 mM b-glycerophosphate) (Sigma-Aldrich, St. Louis, MO, USA) for 14 days. Both media were replaced twice a week.
DNA content analysis
DNA content was measured on days 3, 7, and 14. The medium was removed and the cells were washed twice with PBS. Then, 300 lL of 0.2 % Triton X-100 was added to each well, and the cells were removed by a cell scraper (Becton-Dickinson, Franklin Lakes, NJ, USA) for DNA extraction. DNA content was measured by a Quant-iT TM PicoGreen Ò dsDNA Reagent and Kit (Invitrogen). Fifty microliters of a sample was mixed with a DNA-binding fluorescent dye solution (0.5 lL Picogreen reagent in 100 lL 1 9 TE buffer), and the fluorescent intensity was measured by a microplate reader (Ex 450 nm/Em 510 nm, SpectraMax Ò M5; Molecular Devices, Sunnyvale, CA, USA).
Quantitative real-time RT-PCR
Total RNA was isolated using a Mag Extractor (Toyobo, Osaka, Japan) according to the manufacturer's protocol, and single-stranded cDNA was synthesized using a High-Capacity RNA-to-cDNA Master Mix (Applied Biosystems, Foster City, CA, USA). Runx2 mRNA levels were analyzed by quantitative real-time PCR using a TaqMan Ò Gene Expression Assay (Hs00231692_m1; Applied Biosystems) on a
Step One Plus PCR system (Applied Biosystems). The glyceraldehyde-3-phosphate dehydrogenase (GAP-DH) gene was co-amplified as an internal standard (Human GAPDH endogenous control; Applied Biosystems). Gene expression was measured using the DDCt method (Livak and Schmittgen 2001) .
Measurement of alkaline phosphatase activity
Alkaline phosphatase (ALP) activity was measured by LabAssay TM ALP (Wako Pure Chemical Industries, Osaka, Japan). One-hundred microliters of working assay solution (6.7 mmol/L p-nitrophenylphosphate disodium) was added to 20 lL of the same sample used for DNA measurement, and then mixed thoroughly and incubated at 37°C with 5 % CO 2 for 15 min. After 80 lL of stop solution (0.2 mol/L sodium hydroxide) was added to the mixture, the absorbance was measured at 405 nm with the SpectraMax Ò M5. The levels of ALP activity were normalized to the amount of total DNA in the cell lysates.
Osteocalcin measurement
DFATs and hMSCs were cultured under the same condition described in DNA content analysis, and then the expression of osteocalcin (OCN) in both cell types was determined by a Gla-Type Osteocalcin EIA Kit (Takara Bio Inc., Shiga, Japan). On days 3, 7, and 14 of culture, the medium was removed, the cells were washed with PBS, and 300 lL of 10 % formic acid was added to each well, followed by removal of the cells using a cell scraper. Samples (100 lL) were added to each well of an anti-OCN antibody-coated microtiter plate and then incubated at room temperature for 2 h. After three washes with PBS, 100 lL of a peroxidase-conjugated anti-OCN antibody solution was added to each well, followed by incubation at room temperature for 1 h. After four washes with PBS, 100 lL of substrate solution (tetramethylbenzidine) was added to each well, followed by incubation at room temperature for 15 min. After 100 lL of stop solution was added to each well, the absorbance was measured at 450 nm with the SpectraMax Ò M5.
Calcium measurement
Calcium content was measured with a Calcium E-test Wako (Wako Pure Chemical Industries). Two milliliters of monoethanolamine buffer was added to 50 lL of the same sample used for OCN measurement, followed by thorough mixing. After 1 mL methylxylenol blue coloring agent was added to the mixture, the absorbance was measured at 610 nm with the SpectraMax Ò M5.
Preparation of the a-TCP/CS
Porous a-TCP granules were kindly supplied by Taihei Chemical (Osaka, Japan). The collagen used was extracted from porcine skin by enzymatic treatment with pepsin (Nippon Meat Packers, Osaka, Japan). a-TCP particles were mixed with the homogenized collagen solution at 150 mg a-TCP particles/ mL of collagen solution. The mixture was poured into plastic molds, and then immediately frozen at -30°C and freeze dried for 24 h. The freeze-dried a-TCP/CS resembled a sponge-like structure, and was subsequently cross-linked in vacuo at 140°C for 10 h. The prepared a-TCP/CS was shaped with a 5 mm diameter and 2 mm thickness. The microstructures of the obtained scaffolds were then observed by scanning electron microscopy (SEM) (S-450; Hitachi, Tokyo, Japan).
Cell seeding technique
Briefly, DFATs were detached with 0.25 % trypsin in 1 mM EDTA (Nacalai Tesque, Kyoto, Japan) and centrifuged at 135 g for 5 min. Seeding was then performed by droplet seeding. a-TCP/CS scaffolds were placed in 96-well plates. Cells were resuspended in OM, and 50 ll of 1 9 10 5 cells/ml was pipetted into the a-TCP/CS scaffolds. DFATs seeded into a-TCP/ CS scaffolds were cultured in OM for 14 days. SEM DFATs loaded in the aTCP/CS were fixed with 2 % glutaraldehyde in 0.1 M phosphate buffer for 1 h followed by 1 % OsO4 in 0.1 M phosphate buffer for 1 h (Wako Pure Chemical Industries). After dehydration through a graded series of ethanol and ethanol isoamyl acetate solutions, samples were dried by a critical pointdryer (VFD-21; VACUUM DEVICE, Ibaraki, Japan). Samples were subsequently shadowed with gold using an iron sputter (MSP-1S, VFD-21; VACUUM DEVICE) and then observed under a scanning electron microscope (4700-S; Hitachi).
Histological analysis
DFATs seeded in the aTCP/CS were fixed in 4 % formaldehyde on day 14 of culture. The fixed samples were dehydrated, embedded in paraffin, cut into 4 lmthick sections, and then stained with hematoxylin and eosin (H&E). Von Kossa staining was performed to detect calcium in DFAT-seeded aTCP/CS scaffolds. Samples were incubated in a 5 % silver nitrate solution (Wako Pure Chemical Industries) for 1 h, washed with distilled water, and then fixed in 5 % sodium thiosulphate (Wako Pure Chemical Industries) for 3 min. An unseeded aTCP/CS was also subjected to Von Kossa staining, because aTCP contains calcium. The samples were then analyzed by automated fluorescence microscopy (BZ-9000; Keyence, Osaka, Japan).
Statistical analysis
All experiments were conducted in quintuplicate and repeated at least twice. All data were expressed as the mean and standard deviation. Differences were evaluated by analysis of variance with Tukey's test. Differences were considered significant at p \ 0.05.
Results
DNA content
As an indicator of cell proliferation, no significant differences were observed in the DNA contents of DFATs and hMSCs on day 3. However, the DNA content of DFATs cultured in CM was significantly higher than that of hMSCs cultured in CM and OM on day 7 (p \ 0.05). The DNA content of hMSCs cultured in OM was the lowest of all groups on day 14 (p \ 0.05) (Fig. 2a) .
Runx2 expression analysis
Runx2 expression of DFATs cultured in OM was the highest and that of hMSCs cultured in CM was the lowest of all groups on days 3 and 7 (p \ 0.05). Moreover, Runx2 expression of DFATs cultured in OM was the highest of all groups on 14 (p \ 0.05) (Fig. 2b) .
ALP activity
As a marker of early stage osteoblastic differentiation (Wang et al. 2011) , the ALP activity of DFATs cultured in OM was the highest and that of hMSCs cultured in CM was the lowest of all groups on days 3 and 7 (p \ 0.05). ALP activity of hMSCs cultured in CM was the lowest of all groups on day 14 (p \ 0.05) (Fig. 2c) .
Expression of OCN
OCN is a marker of late stage osteoblastic differentiation (Zhao et al. 2009) . No significant differences were observed in the OCN contents of all groups on days 3 and 7. The OCN contents of DFATs cultured in OM was the highest of all groups on day 14 (p \ 0.05) (Fig. 2d) .
Calcium content
Calcium content is a marker of terminal stage osteoblastic differentiation (Lian and Stein 1992) . No significant differences were observed in the calcium contents of DFATs and hMSCs on day 3. However, the calcium content of DFATs cultured in OM was significantly higher than those of hMSCs cultured in OM and DFATs cultured in CM on day 7 (p \ 0.05). The calcium contents of DFATs and hMSCs cultured in OM were higher than those of DFATs and hMSCs cultured in CM on day 14 (p \ 0.05) (Fig. 2e) .
SEM analysis
In SEM analysis, Fig. 3a and b shows the microstructure of the a-TCP/CS. The composites were composed of a-TCP granules (0.2 mm diameter) and a threedimensional porous structure with an anatomizing network. Well-spread cells covered the a-TCP/CS on day 7 (indicated by white arrows Fig. 3c and d) . Numerous large and small spherical deposits were found to almost completely cover the a-TCP/CS on day 14 (indicated by the white arrows in Fig. 3e and f) . Figure 4 shows the H&E and von Kossa staining of the a-TCP/CS with or without DFATs cultured in OM for 14 days. DFATs in the a-TCP/CS were partially stained strongly as blackish-brown by von Kossa staining and eosin ( Fig. 4a and b) . Areas stained blackish-brown by von Kossa staining in the a-TCP/ CS without cultured DFATs indicated calcium in the a-TCP (Fig. 4c) .
Histological analysis
Discussion
MSCs have been isolated from almost all tissues of the body, including bone marrow, umbilical cord, umbilical cord blood, adipose tissue, dental pulp, periosteum, tendons, skin, synovial membrane, amniotic fluid, limbal tissue, and menstrual blood (Nekanti et al. 2010; Vishnubalaji et al. 2012; Zhu et al. 2008) . Furthermore, MSCs possess the ability to differentiate into osteoblasts, adipocytes, and chondroblasts in vitro (Dominici et al. 2006) . Sakaguchi et al. (2005) demonstrated that the osteogenic ability of bone marrow-, synovium-, and periosteum-derived cells is greater than that of adipose tissue-and muscle-derived cells by the rate of alizarin red-positive colony formation. A previous study (Matsumoto et al. 2008) has indicated that lipid-filled adipocytes can dedifferentiate into fibroblast-like DFATs that have the potential to transdifferentiate into lineages of mesenchymal tissue, which is similar to the differentiation potential of MSCs. However, quantitative investigations are not sufficient to compare osteoblastic differentiation of MSCs and DFATs, and additional studies are needed to evaluate the utility of DFATs in bone tissue engineering in vitro.
In this study, cell proliferation was measured by the DNA content of cultured hMSCs and DFATs. Dexamethasone as a component of OM can either promote or inhibit cell proliferation depending on the species, cell maturation stage, and culture conditions (Canalis and Giustina 2001; Patschan et al. 2001) . OM inhibited the cell proliferation of hMSCs on day 14, but not that of DFATs. Real-time RT-PCR analysis showed that DFATs cultured in OM expressed the osteogenic marker Runx2, suggesting that DFATs retain the properties of osteoblast lineage-committed progenitor cells. Matsumoto et al. (2008) revealed increased expression of not only Runx2, but also the osteogenic marker osteopontin, and osterix in DFATs during induction culture. Here, the Runx2 expression of hMSCs cultured in OM was higher than that of hMSCs cultured in CM on days 3 and 7, but it was remarkably lower than that of DFATs. ALP activity of DFATs and hMSCs was significantly higher with cultivation in OM than that of DFATs and hMSCs cultured in CM. Moreover, ALP activity of DFATs was higher than that of hMSCs on days 3 and 7 in OM. ALP is a marker of early osteogenic differentiation and commitment of stem cells toward the osteoblastic phenotype. OCN has been shown to be a late stage marker of osteoblastic differentiation (Zhao et al. 2009 ), whereas calcium deposition is a terminal stage marker (Lian and Stein 1992) . In osteoblastic cells, transcription of the bone-specific OCN gene is principally regulated by the Runx2 transcription factor (Sierra et al. 2003) . Runx2 expression of DFATs was higher than that of hMSCs in the early stage. As a result, OCN protein expression of DFATs was higher than that of hMSCs. Our previous study (Kishimoto et al. 2011) has demonstrated that the calcium content of DFATs increases on day 7 in three-dimensional culture using the self-assembling peptide RADA16. This previous result supports our data in twodimensional culture. Collectively, compared with hMSCs, our results demonstrate that DFATs retain a high potential for osteogenic differentiation.
MSCs and DFATs appear to be an attractive cell source for regenerative medicine because of their high proliferation rates and multilineage differentiation capacity. In this study, the osteoblastic differentiation capacity of DFATs was superior to that of hMSCs, although the reasons are not clarified in this study. MSCs are obtained by expansion of a very small number of stem cells from highly heterogeneous cell populations by exploiting the phenotype of plastic adherence (Matsumoto et al. 2008) . On the other hand, DFATs have been advocated as quite homogeneous cells isolated from mature adipocytes in adipose tissue using the ceiling culture technique (Fig. 1) . After collagenase digestion and filtration of adipose tissue, mature adipocytes containing lipid droplets are suspended and can be separated from the stromalvascular fraction by centrifugation. Almost all floating cells (over 98 %) have been reported to be mature adipocytes that comprise a highly homogeneous fraction (Gao et al. 2012) . Based on these reports, we considered that almost all of the cells isolated in the present study might also consist of highly homogenous mesenchymal lineage cells and therefore induce superior osteoblastogenesis.
Our previous studies (Kishimoto et al. 2013; Kishimoto et al. 2011; Kishimoto et al. 2008) showed that the self-assembling peptide RADA16 or a titanium fiber mesh as scaffolds induce threedimensional expansion and osteoblastic differentiation of DFATs. However, these scaffolds are biocompatible but not osteoconductive. Among the various calcium phosphate materials, a previous study has highlighted the potential of a-TCP particles as a bone-rebuilding material, because they gradually biodegrade while the bone regenerates around them (Wiltfang et al. 2002) . Our previous study (Arima et al. 2013 ) demonstrated that an a-TCP/CS supports bone regeneration in a rat calvarial defect model. The composites were composed of a-TCP particles and a three-dimensional porous structure with an anatomizing network and were expected to have a high seeding efficiency.
Tissue engineering involves control of the initial seeding density and uniform cell numbers within the scaffold. In this study, the droplet seeding method was used to seed cells into the three-dimensional scaffolds (Van Den Dolder et al. 2003; Zhu et al. 2010) . Fifty microliters of medium containing 1 9 10 5 cells/ml was pipetted into the a-TCP/CS with a three-dimensional porous structure that did not leak, thereby retaining the cells in the scaffold. In fact, SEM observation showed numerous well-spread cells in the a-TCP/CS on day 7. On the other hand, the identification of individual cells was difficult on day 14, and we found numerous spherical deposits. OCN is a vitamin K-dependent protein produced by osteoblasts, which binds strongly to calcium and hydroxyapatite (Park et al. 2009 ). Thus, these spherical deposits might be calcified matrix resulting from OCN secreted by osteoblasts binding calcium contained in the FBS and a-TCP. In addition, von Kossa staining provided histological evidence that DFATs differentiated into osteoblasts in the a-TCP/CS and formed cultured bone by deposition of a mineralized extracellular matrix.
Conclusion
Compared with MSCs, DFATs can be obtained less invasively. Furthermore, the present study revealed another advantage of using DFATs: the osteoblastic differentiation ability of DFATs is higher than that of hMSCs. This study also histologically revealed that, under the three-dimensional culture conditions provided by the a-TCP/CS, DFATs differentiate into osteoblasts as early as day 14 of culture to form cultured bone in vitro. Therefore, the combined use of DFATs and an a-TCP/CS may be an attractive option for bone tissue engineering. The clinical application of DFATs and an a-TCP/CS for alveolar cleft defects should be successful. Further in vivo study of bone tissue engineering will be required.
